Flocculation morphology is a new concept that investigates the morphological characteristics of colloidal particles and coagulants in water during the flocculation process, and the influence that these characteristics have on flocculation process efficiency. This paper is a summary of advances in research on this topic over several years. Morphological characteristics of colloids in natural waters and different kinds of hydrolysed coagulants are investigated, and their effect on colloid stability, flocculation kinetics and efficiency is analysed. It is confirmed that the traditional theory has some deviations in coagulation of nonspherical particles, and these deviations are revised by the flocculation morphology model. Flocculation morphology can not only promote research about flocculation theory, but also instruct the production, application and flocculation control. It can be foreseen that more progress will be made in research and application of flocculation morphology in the near future.
Introduction
Flocculation (or coagulation) is one of the most useful processes for separating particles from water. A well known fact is that colloidal particles and coagulants have various morphological characteristics. Flocculation morphology is a new concept of flocculation theory, which investigates the variety of forms of colloidal particles and hydrolysed coagulants in water during flocculation and the effect of these forms on coagulation process efficiency.
Basic principles
In the traditional theory, the colloids in natural water are simplified to be symmetrically and evenly spheric. However, the theory of flocculation morphology considers variation in particle and floc characteristics, including their shape, size, particle diameter, size distribution and space structure, as well as some related chemical factors. This theory also considers that these morphological characteristics influence the process and result of flocculation greatly.
The shape of colloidal particles decides the force distribution that surrounds those particles, which influences the coagulation process. The differences of the force on single nonsymmetrical colloid particles result in the differences of the action energy among colloid particles. What is more, the differences in the hydration film around different parts of a nonsymmetrical colloid particle may influence the coagulation structure to a certain extent. In a flow field with a velocity gradient, the orientation of nonsymmetrical particles can also accelerate the aggregation among nonsymmetrical parts, because the larger axes of nonsymmetrical particles usually orient along the flow velocity's direction. As a result, the distance between the nonsymmetrical parts may decrease significantly. The irregular Brownian movement weakens this orientation at all times. Therefore, only when the velocity gradient of flow field exceeds a certain value can the orientation of colloid particles be accomplished.
There are three levels of research content on flocculation morphology: 1. Observe and research real morphological characteristics of colloid particles and coagulants in water, such as size, shape and graduation. 2. Research and reveal the effects that morphological properties of colloid particles and coagulants have on the structure and formation of floccule. 3. Mathematically model the structure of particles and the resulting distribution of action forces among particles, so as to determine the effects on flocculation.
Morphology and its effect on coagulation Effect of colloid shape on its stability. Traditional colloid chemistry theory, DVLO theory, considers that z potential is primary factor that affects colloid stability. Although this theory plays a very important role in promoting the development of modern colloid chemistry, it cannot explain many facts during water flocculation.
From stability experiments of several clay colloids (Table 2 ) (Jiang et al., 1993a) , it is concluded that sedimentation rate is not closely related to z potential. The z potential of these clays is almost same, but their sedimentation rates are quite different. In addition, the sedimentation rates of colloidal particles with various diameters are significantly different. For example, the average diameters of kaolin and bentonite are great, and they have good sedimentation properties, which indicates diameter is an important factor of colloid stability. On the other hand, the average diameters of Yili clay, montmorillonite and attapulgite, are very close, but their sedimentation properties are significantly different. Because these particles have different shapes, the statistical average diameters that we obtain are just apparent diameters, but the real sizes and weights are different, so they have different sedimentation rates. The sheet of montmorillonite is very thinly and loosely folded, thereby it is the lightest under the circumstance of same apparent diameter. It can also amalgamate with water sufficiently and by that means it has the best stability. Therefore, the shape of colloid particle plays a very important role in affecting its stability.
Based on the X-ray diffraction analysis and chemical composition analysis of several clays, it can be seen that the structure of the inner particle sheet crystal determines the thickness of sheet, which is an important factor affecting colloid stability. Usually the thicker the sheets are, the better is sedimentation property. Therefore, in water treatment, colloid stability has much to do with its diameter and shape. z potential is only one of the factors affecting colloid stability.
Further research reveals that kaolin and montmorillonite are major clay minerals in many river suspensions. Kaolin has poor hydrophilicity and good settleability, but montmorillonite is the opposite. Experimental results indicate that the settleability of kaolin and montmorillonite mixture suspension has good relativity with the content ratio Jiang Zhanpeng and Guan Yuntao of kaolin to montmorillonite. As this ratio increases, the settleability increases and the suspension stability decreases.
It can be concluded that colloid stability has much to do with its diameter, size and shape. z potential is only one of the factors affecting colloid stability.
Research on coagulant polymorphs
The coagulant added during coagulation may have various polymorphs of hydrolysed chemical species, as well as various physical characteristics. The former means that various hydrated ions and hydroxides are produced in the hydrolysis of metal ions, while the latter means that tiny flocs of various shapes and structure can be produced by coagulants in water. The influence of these various chemical species and physical structures on flocculation is discussed in this section.
Inorganic flocculants (Tu and Jiang, 1996) . In the kaolin suspension solutions of 0.5 g/L, the inorganic electrolytes: Al 2 (SO4) 3 , FeCl 3 , ZnCl 2 , MgCl 2 , CaCl 2 and NaCl were added separately. The morphological characteristics of the resulting inorganic coagulants are observed by phase contrast microscope.
In another experiment, 0.5 g/L Kaolin suspension solution is prepared, and then the inorganic electrolytes, Al 2 (SO 4 ) 3 , FeCl 3 , ZnCl 2 , MgCl 2 , CaCl 2 and NaCl, with different dosage are added separately. pH value is adjusted. The flocculation phenomena are observed and the curve of residual turbidity vs. pH is drawn. The typical result of Al 2 (SO 4 ) 3 is shown in Figure 1 .
Results indicate: 1. The solid hydrate significantly influences coagulation. The best pH range for coagulation is just consistent with the most amount of solid hydrate produced. 2. The amount of the solid hydrate is necessary to achieve good flocculation, but it is the tiny solid floccule of certain size that performs the decisive action, not the solid substance of any size. Tiny solids have high specific surface area and greater 'activity', so there is more surface to absorb, bridge and capture clay particles. 3. The more coagulants are added, the wider pH range of good coagulating effect is, and vice versa. Certainly, coagulation is a comprehensive process. The other cations produced during coagulant hydrolysis can compress the electrical double layer of clay particle, reduce z potential and make them destabilised. This also promotes the absorption of particles by solid floccule. What should be emphasised here is that, at the optimal pH with best coagulating effect, solid hydrate is the main chemical species formed in water after inorganic coagulant hydrolysis.
Organic flocculants. Polyacrylamide (PAM) is a common macromolecule organic flocculant, which has hundreds of thousands of possible structures. When the concentration of PAM in water is larger (such as 1%), it exists as a molecular beam, because of the hydrogen bonds between molecular chains. When the concentration is smaller, PAM usually exists as a single molecular strand with flexible structure, which is also called random coil in the subject of macromolecule chemistry. The molecular chain's average length is about 20 mm and there is always branch structure ( Figure 2) . In order to describe the length of the molecular strands, an index, root mean square ð h 2 Þ 1=2 , is used for measuring the distance between ends of random coils. This method is proposed by Flory and Fox (Macromolecule Physics, 1983) . The effect of hydrolysis rate, ion pattern and ion strength on PAM morpha were studied (Tang and Jiang, 1987; Wang and Jiang, 1989) . The results indicate that, the flocculation effect has much to do with ð h 2 Þ 1=2 ; the bigger ð h 2 Þ 1=2 is, the better flocculation is. Thereby, ð h 2 Þ 1=2 can be used as a morphological parameter of macromolecular flocculant in order to control flocculation processes.
Chemical morphological characteristics. As is mentioned above, in general conception, morphological characteristics of coagulant includes both physical characteristics and chemical characteristics. However, to be stricter, chemical characteristics should be designated as chemical species. There are many studies on coagulants' chemical characteristics (Parthasarathy and Baffle, 1985; Hu et al., 1995; Luan et al., 1995) . In these papers, polyaluminium chloride (PAC) is investigated as an example of common inorganic macromolecule flocculants. It has many kinks of hydrolysis products, including metastable intermediate products.
Using the Al-Ferron timed complex-colorimetric method and 27 Al nuclear magnetic resonance method, aluminium hydrolysis products can be classified into three kinds:
(1)monomers (Ala), which are Al 3 þ , Al(OH) 2 þ , AlðOHÞ þ 2 , etc.;
(2)polymers (Alb), which are Al 2 ðOHÞ 4þ 2 , Al 7 ðOHÞ 4þ 17 and Al 13 O 4 ðOHÞ ð72nÞþ 24þn ðn ¼ 0:2Þ, etc.; and (3)sol(Alc), that is Al(OH) 3 (aq). The distribution of species is determined not only by chemical character of solution but also by preparation method.
Among these chemical species hydroxyl polymeric aluminium (Alb) can destabilise micelles most efficiently with Al 13 O 4 ðOHÞ 7þ 24 the highest. Based on this, some scholars (Qu et al., 1997) began to develop high performance polymeric aluminium chloride with high Al 13 content.
Kinetics research on flocculation morphology Traditional principles and experimental deviation
In traditional principles particles are hypothesised to be uniformly rounded. From Fick's first law, the rate constant of coagulation reaction can be calculated:
Rate constant of perikinetic flocculation reaction :
Rate constant of orthokinetic flocculation reaction :
where R, radius of spheric particles; D, diffusion coefficient of spheric particles; k 0 , Boltzmann constant; T, absolute temperature; m, dynamic viscosity; and G, velocity gradient.
As can be seen, the rate constant of perikinetic flocculation has no relationship with particle radius, but particles with the same radius have the same rate constant of orthokinetic flocculation reaction. This does not agree with the facts. Reaction rate constants both calculated from traditional principles and measured after destabilisation by NaCl is listed in Table 3 . It can be seen that K p (attapulgite) . K p (kaolin) . K p (latex), and all the experimentally determined values exceed the theoretical value. The K v values exhibit the same trend and the difference between the experimental and calculated values reaches one order of magnitude. At the same time, kaolin colloids with the same volume but different morphological characteristics have different experimental values, while the values calculated according to traditional principles are the same.
Modification to traditional principles considering morphological factors
Perikinetic flocculation. In perikinetic flocculation, morphological factors influence the rate constant of nonspherical particles' coagulation reaction through their impact on action radius and equivalent radius. Based on the theoretical relationship between resistance coefficient and axis ratio of revolving ellipsoids, considering the direct ratio relationship between resistance coefficient and equivalent radius, we can gain the rate constant of perikinetic flocculation reaction as follows:
Long sphericity ðshape of stickÞ k ¼ ð8k 0 T=3mÞ £ { ln ½1 þ ð1 2 J 2 Þ 1=2 =ð1 2 J 2 Þ 1=2 };
Flat sphericity ðshape of sheetÞ k ¼ ð8k 0 T=3mÞ £ ½Jtg 21 ðJ 2 2 1Þ 1=2 =ðJ 2 2 1Þ 1=2 ;
Sphere k ¼ 8k 0 T=3m where J, axis ratio, for long sphericity: R 0 =r 0 ¼ J 22=3 , for flat sphericity: R 0 =r 0 ¼ J 1=3 ; r 0 , volume radius of particles; R 0 , action radius of particles. From the three equations above, it can be drawn that K stick . K piece . K sphere when the axis ratio is the same. When axis ratio approaches 1, the three K values also reach the same value. The bigger the axis ratio, the greater are the differences between the three K values Table 3 shows the reaction velocity constants of different sample sources. The constant data calculated by traditional principles, experimental and calculated by flocculation morphology modified are listed.
Orthokinetic flocculation. The ultimate reason why particles with the same volume but different shapes have different rate constants of coagulation reaction lies in the difference of their action radius. To reflect the effect of the shape on the rate constant more directly, a new parameter (h) volume expansion factor is defined as the ratio of the volume (V 1 ) of a suppositional sphere whose radius is equivalent to the action radius of the particle to the actual volume (V 0 ) of the aspheric particle.
Thus
If this expression is incorporated into the rate constant equation of orthokinetic flocculation, a new equation for orthokinetic flocculation including the effect of particle shape can be expressed as
According to the equation, the rate constant of orthokinetic coagulation reaction is in direct proportion both to the volume expansion factor of particles and to the third power of volume radius. Based on this equation, the calculated results of velocity constants match the tested results. Therefore, this modification equation can reflect the rule of velocity constant change more accurately and is an improvement on traditional principles (see Table 3 ).
In conclusion, it is inappropriate to neglect morphological factors, as is done in traditional principles. Particle shape has an impact on the rate constants of both orthokinetic and perikinetic coagulation reactions (Fu et al., 1993; Jiang et al., 1993b,c) . In order to modify the deviation of traditional theory, it is better to introduce the following shape factors: axis ratio (J) (for perikinetic coagulation) and volume expansion factor (h) (for orthokinetic coagulation).
The extent of the impact can be measured by the axis ratio: the bigger this ratio, the greater impact on morphological factors. With the same axis ratio, the impact of morphological factors is greater for stick particles than for piece particles.
Conclusions
Flocculation morphology studies the coagulation process based on the real morphological characteristics of colloidal particles and coagulants, and the real structure of flocs formed. Microcosmic particle morphological characteristics (size, shape, structure) were investigated and combined with macroscopic coagulation efficiency. Thus immobile structure of flocs is incorporated with dynamic process such as development and breaking. It will be more accurate to explain the coagulation process and predict coagulation results quantitatively. It can not only promote the research about coagulation theory, but also instruct the production, application of coagulants and coagulation control. It can be foreseen that more progress will be made in research and application of flocculation morphology in the near future.
